The tunneling effect is one of the important cornerstones of the quantum mechanics[@b1], where particle such as electron may penetrate through an impenetrable potential barrier. Photon also has the possibility to penetrate through classically impenetrable potential barrier, which is called the photon tunneling[@b2][@b3][@b4]. In particular, frustrated total internal reflection is considered as a classical analogy of quantum-mechanical tunneling. In this case, photons play the role of electrons and can penetrate across the air gap between two right angle prisms when the incident angle beyonds the critical angle[@b5][@b6][@b7][@b8]. It is well known that photon has an additional degree of freedom of spin, the photonic spin Hall effect (SHE) manifesting as the spin-dependent splitting of left- and right-handed circularly polarized components can occur in photon tunneling due to spin-orbit coupling. In fact, the photonic SHE is sometimes referred to as the Imbert-Fedorov phenomenon which was theoretically proposed by Fedorov and experimentally verified by Imbert[@b9][@b10]. For optical wavelengths, the photonic SHE is very weak and the corresponding spin-dependent splitting is restricted to a few tens of nanometers. It is the possible reason for this tiny effect escaping detection in previous photon tunneling experiments.

The weak measurements based on preselection and postselection states is a promising method for measuring tiny perturbations of the quantum system[@b11][@b12][@b13][@b14][@b15]. An observable of a system is firstly coupled to a separate degree of freedom (known as the meter corresponding to an ancillary measuring device), and then the information about the state of observable is read out from the meter, which leaves the state almost undisturbed. Obtaining the desired output involves: initializing a quantum system of interesting state standing for the preselection, the weak coupling between observable and meter through the system operator **Â**, and the postselection with definite final state. If we select the suitable preselection and postselection states in quantum system, the distinguished expectation values (eigenvalues) can be obtained in the meter. Until now the weak measurements have been used to resolve some important issues such as ultrasensitive beam deflection measurement[@b16], measurement of small longitudinal phase shifts[@b17], direct measurement of the quantum wavefunction[@b18], observation of the average trajectories of single photons[@b19], and full characterization of polarization states of light[@b20].

In this work, we report on the first observation of photonic SHE in tunneling via weak measurements. A simple and typical *ABA* structure is considered as the tunneling model. *A* stands for the right angle prism and *B* is the metal tunneling potential barrier allowing for only evanescent waves. We show that the photonic SHE in tunneling manifesting itself as the spin-dependent splitting due to the spin-orbit coupling. With suitable preselecion and postselection technique on the spin states, the transverse shifts of spin (polarization) components can be measured with desired accuracy. Our findings offer a route for spin-controlled nanophotonic applications and can be extrapolated to other physical systems.

Results
=======

Theoretical analysis
--------------------

[Figure 1](#f1){ref-type="fig"} illustrates the SHE of photons tunneling through a three-layer barrier structure. A metal film (Au) acting as a tunneling barrier is bounded by two identical semi-infinite medium (two right angle BK7 prisms) on either side and only permits evanescent wave transmission. When the photons tunnel through the barrier, the photonic SHE occurs and the transmitted beam splits by a fraction of wavelength into its two left- and right-handed circularly polarized components. Here, the incident angle *θ~i~* is fixed to 45°. The photonic SHE is the photonic version of the SHE in electronic systems, in which the photons play the role of the spin charges, and a refractive index gradient plays the role of the electric potential gradient[@b21][@b22][@b23].

An equivalent potential for photons, analogy to quantum mechanics, can be introduced. The equivalent parameters to the potential and total incident energy are and , respectively[@b4]. Here, *n* is the refractive index of potential barrier, *n~i~* stands for the refractive index of incident medium, and *k*~0~ is the wave number in free space. Generally, the ordinary dielectrics own negative potential. The dielectric can be regarded as a tunneling barrier when the energy of the incident photon is below the potential of this barrier. Therefore it needs to modulate the incident angle so that the energy of the incident photon can be reduced sufficiently. Under this tunneling condition the light beam undergoes total internal reflection. Materials with a purely imaginary refractive index (ideal metals) can be seen as tunneling barriers for all angles of incidence because its potential is larger than zero. In this case, we note that the metal film can act as a tunneling barrier for all angles of incidence because the real part of its refractive index is far less than the imaginary part[@b4].

We can describe the photonic SHE as the result of spin-orbit coupling. For a paraxial beam, the incident polarization states are chosen as horizontal \|*H*〉 or vertical \|*V*〉. In the spin basis, the horizontal and vertical polarization states can be expressed as and . Owing to the transverse nature of the photon polarization, the polarizations associated with the corresponding plane-wave components undergo different rotations[@b23]. When the photons tunnel through the barrier, the evolution of the states is described as \|*k~y~*〉\|*H*〉 → \|*k~y~*〉(\|*H*〉 + *k~y~δ^H^*\|*V*〉) and \|*k~y~*〉\|*V*〉 → \|*k~y~*〉(\|*V*〉 + *k~y~δ^V^*\|*H*〉). In the spin basis, the states of tunneling field can be obtained: In the above equations, *δ^H^* = (1 − *t~s~*/*t~p~*)cot*θ~i~*/*k*~0~, *δ^V^* = (1 − *t~p~*/*t~s~*)cot*θ~i~*/*k*~0~. This photonic SHE is attributed to spin-redirection Berry phase which is corresponding to the spin-orbit coupling.

Because a layered metal film nanostructure is introduced as the tunneling model, we need to know the generalized Fresnel transmission coefficients of the barrier by calculating the explicit solution of the boundary conditions at the either interface Here, *T~p~*~,*s*~ and are the Fresnel transmission coefficients at the first interface and second interface of the tunneling barrier, respectively. *d* represents the thickness of the tunneling barrier. In this work, the photonic SHE manifests as the spin-dependent splitting of two spin components in position space. We note that another type of phenomenon manifesting as spin-dependent splitting in momentum space called optical Rashba effect has been observed in a plasmoninc metasurface due to its inversion asymmetric structure geometry[@b24]. Unlike here, the underlying mechanism is attributed to the geometric Pancharatnam Berry phase.

In the following, we calculate the shifts of these two spin components. The wavefunction of tunneling photons is composed of the packet spatial extent *φ*(*k~y~*) and the polarization description \|*H*, *V*〉: After photons tunneling through the barrier, the initial state evolves into the final state . As a result of spin-orbit coupling, the displacements of the two spin components compared to the geometrical-optics prediction are given by We suppose *φ*(*k~y~*) is a Gaussian wave function, the transverse displacements can be obtained as where *t~p~*~,*s*~ = \|*t~p~*~,*s*~\| exp(*iϕ~p~*~,*s*~) and *λ* is wavelength of the incident beam.

For optical wavelength, the spin-dependent splitting is restricted to a few tens of nanometers (See supplementary materials for initial shifts of photonic SHE in tunneling), and therefore the actual equipment can not distinguish it directly. We resolve this problem by using the precise signal enhancement technique called quantum weak measurements proposed by Aharonov *et al.*[@b11]. The weak measurements of photonic SHE in tunneling can be done through the following steps (weak value amplification). Firstly, the system is prepared with a fixed initial state \|*ψ*~1~〉, which is called the preselection. And then, with the weak interaction, the observable **Â** (with eigenstates \|+〉 and \|−〉) is coupled to the transverse spatial distribution (the meter) of the Gaussian wave function with the Hamiltonian interaction *H~I~* = *k~y~***Â***δ^H^*^,*V*^. Here, the *δ^H,V^* (spin shifts) also stand for the weak coupling strength that we want to estimate. However, the spin-dependent displacements generated by the photonic SHE are much smaller than the width of the transverse distribution resulting in the meter states with different spin eigenstates overlap to a large extent. Finally, with the suitable postselection state \|*ψ*~2~〉, an enhanced shift in the meter distribution can be obtained.

In the above weak value amplification process, the preselection and postselection states \|*ψ*~1~〉 and \|*ψ*~2~〉 determine the so-called weak value *A~w~* of the photon helicity: Here, the mean pointer position of the meter will experience a shift proportional to the weak value. By choosing a nearly orthogonal pair of preselection and postselection states, we can obtain a large weak value corresponding to an amplified signal output, which would give us a chance to estimate the coupling parameter with high accuracy. Generally, the weak value is a complex number and is not constrained to the eigenvalue range for the observable. The weak value amplification has many technical merits and can effectively suppress the technical noise[@b25][@b26]. We note that the imaginary weak value also corresponds to a displacement of the meter in momentum space (the mean pointer momentum), which obtains the possibility of even larger amplification following the beam free evolution[@b23]. This process can be seen as propagation amplification that produces the amplified factor *F* which depends on the initial state and its free evolution before detection. Therefore, we can get the final pointer shift of meter proportional to the modified weak value .

Experimental results
--------------------

Our experimental setup is schematically shown in [Fig. 2(a)](#f2){ref-type="fig"}. We construct a three-layer structure which consists of an Au film and two 45° BK7 right angle prisms. When photons enter the potential barrier structure, the photonic SHE happens allowing for the spin-dependent splitting in the transverse direction. The amplified effect can be obtained through the preselection and postselection \[[Fig. 2(b)](#f2){ref-type="fig"}\]. A Gauss beam generated by a He-Ne laser is firstly focused by a short-focal-length lens (L1). Then, we use the polarizer P1 to get the preselection state \|*ψ*~1~〉 = \|*H*〉 or \|*V*〉. Finally, the beam passes through the second polarizer P2 to obtain the postselection state \|*ψ*~2~〉 = \|*V* ± Δ〉 or \|*H* ± Δ〉, with being the postselection angle. The two opposite spin components will undergo destructive interference at the surface of the second polarizer, which makes the amplified displacement in the meter much larger than the initial one. Remarkably, the free evolution of the light beam can also enhance the pointer shift due to the propagation amplification. We use a CCD to measure the total amplified displacement after a long-focal-length lens (L2).

Our tunneling structure is a three-layer model with the metal film embed between two BK7 right angle prisms. Firstly, we coat on the hypotenuse face of one prism with metal film. When a beam reflected on the prism coated with Au film, we can determine the accurate width of the tunneling potential barrier by detecting the photonic SHE[@b27][@b28]. The permittivity of Au is chosen as *ε* = −10.4 + 1.4*i* at 632.8 nm[@b29]. We choose the initial waist radius (See supplementary materials for determining the size of waist radius). With the aid of an index matching fluid, the two prepared prisms (one coated with metal film and the other not) are clamped together to build up the photon tunneling structure. Here, the metal film can be seen as a tunneling barrier because its potential is larger than zero, however, the total energy of the incident photon in BK7 prism is less than zero.

When the preselection and postselection states are orthogonal, i.e., Δ = 0, we can look forward to detecting the cross-polarized components, hence, to register the spin-dependent splitting[@b22]. The cross-polarized field distributions are described in [Fig. 3](#f3){ref-type="fig"}. Here, we use the polarizer P1 to get the preselection state as \|*ψ*~1~〉 = \|*H*〉 or \|*V*〉 and the second polarizer P2 to obtain the postselection state \|*ψ*~2~〉 = \|*V*〉 or \|*H*〉, respectively. The cross components suggest that photons with opposite helicities accumulate at the opposite edges of the beam, and thereby provide a direct evidence of photonic SHE in tunneling. We note that this effect is very similar to another experiment about doing phase estimation[@b30] and is in fact related to the inverse weak value[@b31]. By making the state overlap the smallest parameter, the mode splits into two and be used to estimate the complementary variable. It is also noted that there exists strong scattering background for preselection state \|*H*〉 \[[Fig. 3(c)](#f3){ref-type="fig"}\]. The main reason is that, under this condition, the surface plasmon resonance of metal can be excited and the corresponding reflected field changes.

We measure the amplified displacements varying with the postselection angles as shown in [Fig. 4](#f4){ref-type="fig"}. To avoid the influence of surface quality factor of metal film, we carried out the experiments for three different areas of the tunneling sample. We prepare the metal (Au) tunneling potential barrier with three different thicknesses 9, 12, and 16 nm (See supplementary materials for confirming the actual thickness of tunneling barrier). After confirming the actual thickness of the metal tunneling potential barrier, we can observe the photonic SHE in this tunneling structure. For the preselection state \|*H*〉, the initial transverse shifts are 9.1, 14.0, and 26.4 nm, respectively. For the preselection state \|*V*〉, the initial transverse shifts are −5.4, −9.1, and −15.1 nm, respectively. We find that the transverse shifts are even larger than the potential barrier thickness. We also note that the weak value discussed here cannot be arbitrarily large when the overlap of preselection and postselection states is close to orthogonal. In fact, there exists the maximum output of the weak measurements, which is corresponding to the previous theoretical work[@b32].

Discussion
==========

Noted that the experimentally measured initial transverse shifts represent a slight deviation from the theoretical value due to the measurability of this tiny effect is limited by several technical issues. Firstly, the effective permittivity of a metal film can not be determined exactly due to the fact that its value depends on its thickness, surface roughness, and even polarization[@b33]. Secondly, the surface out-of-flatness of prisms (about *λ*/10 at 632.8 nm) make it difficult to accurately determine the thickness of barrier. To solve this problem, we use the index matching fluid to bond the two prisms together for eliminating the surface roughness. To make the results more reliable, we carry out the comparative experiment when the two BK7 prisms are put together only using the index matching fluid (without coating the Au film). The experimental results clearly show that the shifts of field centroid is nearly to zero, which indicates that there is no spin-dependent splitting in this situation (See supplementary materials for the comparative experiment using only index matching fluid).

In conclusion, we have demonstrated the photonic SHE in tunneling via weak measurements. The question how much time does a tunneling particle spend in the potential barrier region has remained controversial since the early days of quantum theory. In fact, by considering the appropriate time operator, the weak measurements can be a potential way for determining the tunneling time[@b34][@b35]. Recently, Gehring *et al.*[@b36] have investigated the contribution of the Goos-Hänchen shift to tunneling time in frustrated total internal reflection. They found that the contribution of the Goos-Hänchen displacement is in fact negligible in this two-dimensional tunneling system. However, in this work, the photon tunneling effect is a three-dimensional process and we find that the transverse shift is even larger than the potential barrier thickness when spin-polarized photons tunneling through a potential barrier. Therefore, it may be interesting to study the time that a tunneling particle spend in the potential barrier region by considering the photonic SHE phenomenon.

Methods
=======

Sample preparation
------------------

Our tunneling structure is a three-layer model with the metal film embed between two BK7 right angle prisms. Firstly, we coat on the hypotenuse face of one prism with Au film using the electron beam evaporation technique. Then, with the aid of an index matching fluid, the two prepared prisms (one coated with Au film and the other not) are clamped together to build up the sample.

Experimental measurements
-------------------------

Experiments are conducted under room temperature inside a dark environment which is introduced to minimize the impact of external light. We measure the amplified spin-dependent shifts changing with the incident angle to determine the accurate width of the tunneling potential barrier. Then, with the known potential barrier, we observe the photonic SHE in tunneling with weak measurements. Here, the incident angle is fixed and the postselection angle varies.
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![(a) Schematic of the photonic SHE phenomenon in tunneling. A linearly polarized beam transmits through the potential barrier structure composed of two BK7 prisms embed with an Au film and then splits into left- and right-handed circularly polarized components, respectively. Here, the incident angle *θ~i~* is fixed to 45° (at the interface of metal film). (b) shows the potential diagram of photon tunneling. The total energy of the incident photon is . The central metal core is the tunnel barrier and its potential can be described as .](srep07388-f1){#f1}

![(a) Experimental setup: The tunneling potential barrier structure is composed of two right angle BK7 prisms (refractive index *n* = 1.515 at 632.8 mm) embed with Au film. HWP, half-wave plate (for adjusting the intensity). L1 and L2, lenses with effective focal length 50 mm and 250 mm, respectively. P1 and P2, Glan Laser polarizers. CCD, charge-coupled device (Coherent LaserCam-HR). The light source is a 21 mW linearly polarized He-Ne laser at 632.8 nm (Thorlabs HNL210L-EC). The inset describes the preselection and postselection with P1 and P2, respectively. (b) A weak measurement with preselection and postselection. System is preselected in state \|*ψ*~1~〉. The weak interaction correlates the meter with the eigenstates of the measured observable **Â**. A postselection on the system in state \|*ψ*~2~〉 gives rise to an interference in the meter, shifting it to its final position proportional to *A~w~*.](srep07388-f2){#f2}

![Intensity of the cross-polarized components of the beam tunneling through the barrier when the preselection and postselection states are orthogonal.\
The initial states are chosen as horizontal (left column) and vertical polarizations (right column). \[(a), (b)\] Theoretical results; \[(c), (d)\] Experimental results. The incident angle is fixed to 45° and the potential barrier thickness is 12 nm.](srep07388-f3){#f3}

![The amplified shifts of spin-dependent splitting in photon tunneling under the condition of horizontal (left column) and vertical polarizations (right column) with different potential barrier thicknesses: \[(a), (b)\] 9 nm, \[(c), (d)\] 12 nm, and \[(e), (f)\] 16 nm.\
represents the modified weak value of the weak measurements. The lines indicate the theoretical value and the circle, square, and triangle show the experimental data for three different areas of the tunneling sample (the error ranges are less than 10 *μ*m).](srep07388-f4){#f4}
